A new solution for the SLAM problem is presented which makes use of a scan matching algorithm, and does not rely on bayesian filters. The virtual map is represented in the form of an occupancy grid, which stores laser scans based on the estimated position. The occupancy grid is scanned by means of ray casting to get a scan of the virtual world, called "virtual scan". The virtual scan therefore contains data from all previously acquired laser measurements and hence serves as the best representation of the surroundings. New laser scans are matched against the virtual scan to get an estimate of the new position. The scan matching cost function is minimized via an adaptive direct search with boundary updating until convergence. The resulting method is model-free and can be applied to various platforms, including micro aerial vehicles that lack dynamic models. Experimental validation of the SLAM method is presented by mapping a typical office hallway environment with a closed loop, using a manually driven platform and a laser range scanner. The mapping results are highly accurate and the loop closure area appears to be seamless, in spite of no loop closure algorithms and no post-mapping correction processes.
I. Introduction
Operation in GPS denied environments is imperative for a variety of mission scenarios including surveillance, search and rescue, and biological chemical agent detection using unmanned vehicles. These mission scenarios require accurate position information and mapping capability of the operational area.
For an unmanned Micro Aerial Vehicle (MAV), assuming position information is given (GPS, beacons etc.), on board sensory data (e.g. laser scanner) can be combined to build a map (since the position information input is independent of sensor's readings). On the other hand, if the map is known a priori, the MAV can position itself inside the known map using sensory data and appropriate tools (such as scan matching). These techniques are quite robust as the map is known and serves as a deterministic anchor in the estimation process.
However, when both the map and position are unknown, the MAV requires a simultaneous estimation of both the map and position. A map can be built by sequentially adding sensory data to a database (laser scans, visual pictures, extracted features, etc.), as the MAV moves in space. The sensory data is added based on the estimated location of the subject and the map is interchangeably used to estimate position. Thus, estimating the map and the position within the map is a bootstrapping estimation process, which is widely referred to as SLAM -Simultaneous Localization And Mapping.
SLAM is a bootstrapping process, coupling position and map estimations. As such, the accuracy of the map is imperative for accurate position estimates, and simultaneously estimated position information must be precise enough to allow accurate map generation. Inaccurate position would register measurements of the environment in the wrong locations in the map, and thus would degrade the map's accuracy. Naturally all subsequent position estimates would be prone to errors if carried out using an inaccurate map.
I.A. Previous Work
Methods for solving the SLAM problem can be divided into two categories: model-dependent algorithms, and model-free algorithms. The first category generally makes use of bayesian filters in the form of Extended Kalman filters (a good review can be found in the work by Durrant-Whyte and Bailey [1] ), and Particle Filters i.e. sequential Monte-Carlo sampling (e.g. the FastSLAM algorithm [2] ), both are capable of nonlinear estimation. These methods rely on the ability to estimate the vehicle's state vector given its previous state in conjunction with available measurements and commands. This is combined with a probability model for the environment observations (sensory data), to provide a coupled bayesian filter equation for both the vehicle's states and the map observations [1] 
(such as map features location). Previous works with
Bayesian filter have been demonstrated on ground vehicles [1] [2] [3] [4] [5] [6] , which appear simple to model in the form ofẋ = f (x, t) where x is the state vector and t is the time. Some applications have also shown success with quadrotor micro aerial vehicles [7] , which again appear to be relatively less complex to model. However, if the platform is too complex to be accurately modeled, these methods may not succeed in giving good prior estimates of the vehicle motion, and thus may cause the algorithm to fail.
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The other category of SLAM methods is considered to be model-free as they do not rely on having a predictive model of the platform dynamics. Instead, the mapping is constructed based on various techniques for scan matching of the environment observations. The majority of the work in this area makes use of 2D laser scanners, such as the one in References [8] [9] [10] [11] . Other research efforts made use of 3D laser scanners obtained by mounting a 2D scanner on a tiltable mount such as in the work of Nuchter et al. [12] . These methods, being model-free, can in principle be applied to any platform without requiring any knowledge of its dynamic model.
As SLAM algorithms in general may accumulate errors in both position and mapping estimates, a vehicle that returns to a previously mapped area from a different direction may face map-continuity issues. Local maps created for the same area viewed from two different places may not align seamlessly. One common solution is to employ a loop closure algorithm that continuously operates in the background of the SLAM process and searches for opportunities to match map frames of the same area. Several examples for loop closure detection algorithms include the work by Bosse et. al [13] , Ho and Newman [14] , Stachniss et al. [15] , and Konolige [16] to name a few. The above examples all make use of bayesian filter based SLAM methods, and the loop closure algorithm is probability based as well, and requires relatively complex implementations in some cases [13] . Additionally, these algorithms tend to fail when repeated structures appear throughout the mapped area, as those may produce false loop closure detections. If a loop closure opportunity is identified by these algorithms, a map correction process is employed to repair and piece together the misaligned local maps into one continuous global map. This is usually done by applying a least square method to find the optimal set of map transformations that would reduce a total alignment error (as detailed in the work by Bosse et al. [13] ).
I.B. Current Work
The current work describes an ongoing effort [17] to perform SLAM on a generic platform regardless of its dynamic model. Therefore, the suggested algorithm, belongs to the second category mentioned above, as it relies solely on a laser scanner and scan matching to obtain both map and position information. The algorithm is quite robust and is demonstrated experimentally, yielding highly accurate results in realistic environments.
Decoupling the SLAM algorithm from the dynamic model may allow its implementation on a myriad of aerial platforms such as a conventional main rotor-tail rotor platform and coaxial helicopters, both are considered to be challenging to model. The currently developed approach is intended to be computationally-lightweight enough to be implemented on a micro-computer mounted on a small payload-limited MAV. This will allow for on-board, real time SLAM capability which is highly sought after, especially for small hover-capable rotary wing MAVs.
Moreover, the loop closure capability is studied using the current approach, and the ability to close loops without the aid of any loop closure algorithm is demonstrated, simply by providing an accurate enough map.
The proposed algorithm therefore does not employ a global map correction algorithm, and is not susceptible to false loop closure detections. The major assumptions are: i. Unknown environment, no external position information available.
ii. Two dimensional motion.
iii. Relatively small laser sensor pitch and roll attitudes ensuring a 2D environment.
iv. Both planar and rotational platform motions are slow compared to laser scan speed.
The algorithm suggested here uses an occupancy grid to store laser scan data, to be used as a virtual map i.e. a virtual world representation of the surrounding environment. The MAV is initially given both [x, y] coordinates and azimuth in the virtual map (could be arbitrary if global localization is not required). It then moves and generates both position information and the virtual map of the environment incrementally.
In each step, a laser scan is performed from the current position, followed by a simulated scan (virtual scan) of the occupancy grid from the previous position estimate, by means of ray casting operations. A scan matching algorithm is then employed on both scans to get an estimate for the current platform position.
The laser measurements are then added to the occupancy grid based on the new position estimate, and the process repeats.
II. Virtual World Representation
The virtual world representation in the current work is kept in the form of an occupancy grid [18] [19] [20] , where cells contain an integer value which equals the number of laser "hits" registered in that cell. Once position has been found using the scan matching process (described below), the laser points that were acquired in the current laser scan are inserted into the occupancy grid map by increasing their corresponding cells values.
II.A. Virtual Scan
The Virtual Scan is a scan of the virtual world, achieved by performing a "simulated laser scan" produced by a series of ray casting operations, searching for occupied cells in the occupancy grid. The virtual is executed from the last estimated vehicle position and azimuth, and produces a set of range values to occupied cells (note that in this work, the field of view of the virtual scan is identical to that of the laser sensor). It is essentially a snapshot of the virtual environment taken from the previously estimated position, and it serves as the reference scan from the map that was built thus far. The virtual scan is matched against a new laser scan obtained from the true and current MAV position to get a corrected estimate of the current position.
Note that an occupied cell is represented using its center coordinates. In the general case, the ray encounters a "thick" wall made of several clustered occupied cells created from several previous scans. A ray-casting operation logs the start and end of the cell cluster along the ray and then defines the wall location as weighted average location using all the logged cells along that ray and their respectable weight. These three markings are marked as "Wall Start", "Wall End", and "Virtual Wall Position" in Figure 1 . The virtual scan result is, in fact, an average of all the previous laser readings taken up to that point in time. This means that when scan matching is carried out, the newly acquired laser scan is matched against an average of all previous sensory data.
II.B. Map Update
It was found that maintaining an accurate map is crucial to the successful and accurate navigation of the vehicle from the initial to the goal position. Therefore, updating the map with the newly acquired laser scan data is performed only if the scan matching process results in a minimized function, otherwise the vehicle's current position estimate is not updated. In the rare case of scan matching failure, one can either not update the platform position or establish an estimate based on extrapolation using previous steps (although it would have to be marked and treated as"non-valid" position estimate). In such cases, we rely on the success of the next scan matching process to correct the un-supported estimate.
III. Scan Matching
The process of scan-matching between two environment scans results in the appropriate roto-translation values required to match one scan on top of the other. Many types of scan matching algorithms exist [21] [22] [23] [24] [25] [26] [27] .
However, since each algorithm has strengths and weaknesses and this work relies solely on scan matching for both position and map generation, the most promising was found to be the use of brute force in finding the minimum of a cost function. The roto-translation equation is given in Eq. (1):
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where r is the range value from the laser scanner, θ L is the laser beam angle, ∆x and ∆y are the translation values along the x and y axes respectively, and ∆ψ is the rotation value in azimuth. The results x ′ and y ′ are the laser point's roto-translated cartesian coordinates .
III.A. Point Filtering
The acquired points are passed through a series of filters designed to leave only valid laser points for the scan matching process. If the scanner does not pick up any reading, it outputs either zero or it's own maximum detection range. Therefore, the minimum/maximum range filter was designed to exclude validity of points
with range values below a minimum threshold of 25 mm and above a maximum threshold of 30000 mm The outlier filter is designed to eliminate outlier measurements (also known as mixed pixels), which are laser measurements that occur at surface discontinuities (edges). Figure 2 presents a description of how outlier points are generated. Laser measurements are marked as red stars, laser scanner rays are marked as red lines, and the laser origin is marked as a red circle. The laser beam may sometimes hit an edge and report a reading that is somewhere between the range of the closer surface and the further surface. The filter checks for the angle between every two neighboring laser points relative to a line perpendicular to the laser beam angle (denoted as α in Figure 2 ). If α is close to 90
• -the point's validity is eliminated. In some cases points can be wrongfully eliminated (due to laser noise creating the same conditions between two neighboring laser points). However, the vast amount of laser points in each scan provides sufficient information for the algorithm to perform well.
III.B. Methodology
To find the best scan matching solution, an adaptive direct search method was constructed, where the best rotation angle between the scans was found first, followed by the best pure translation. This was repeated in an iterative manner while continuously narrowing the scope of the grid after each iteration (thus refining the search grid, in both the plane and azimuth, while the number of points is kept constant). In case the minimum is found on the search range boundaries, these would be extended to cover additional area beyond the initially covered space. The search grid shape is circular, while the points are evenly distributed along the radial direction and about the azimuthal direction (thus points are slightly more clustered about the center of circle).
Using the algorithm described above, the best possible scan matching is guaranteed as long as the search range is large enough and the search grid is fine enough to cover the solution area. In the current work, 100
points for the azimuthal grid were used, and the x-y grid was a 10 by 10 grid so each iteration required 200 function evaluations. It was found that for most cases, the above grid is sufficient. A mesh refinement scheme can be employed for cases where the resulting cost function is too high. However, this was not required in the current work. The cost function used herein is based of that suggested by Diosi and Kleeman [29] and is constructed 7 of 20
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i. Acquire the current laser scan.
ii. Perform a virtual scan of the environment (by ray casting over the occupancy grid).
iii. Minimum/maximum range filter (eliminate validity of laser points that are too close or too far from the laser).
iv. Roto-translate the laser scan using Eq. (1) viii. For each virtual scan angle that found an occupied cell, find the linearly interpolated radius value in the roto-translated laser scan (assuming it lies between two valid laser points).
ix. Calculate the absolute value of the radii difference between the roto-translated laser scan and the virtual scan.
x. Eliminate contributions of matching anomalies -points with matched distance over three order of magnitude larger than the typical cell size (based on the possibility of wrong pairings of points from different surfaces due to the occupancy grid being sparse in some cases, and therefore some virtual rays"see" through walls).
xi. Add all the valid contribution to generate a scalar cost value.
xii. Reward the total cost according to the total matched length. For this part only matching distances of the same order of magnitude of the occupancy grid cell size are considered. The longer the perimeter of matched points is -the lower the total cost becomes.
xiii. Divide by the number of contributing points (to maintain fairness between matching attempts with different number of participating points).
Note that if the number of contributing points is less than a third of the total number of points -an extremely high value is set as the cost, so the proposed motion would not produce false minima based on too few points.
The minimization process is carried out as follows:
i. Calculate the cost function for a range of azimuth angles (while keeping x-y motion fixed).
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ii. Find the minimum value and set its associated angle as the current best azimuth guess.
iii. Calculate cost function for a range of values within a circular area, using the best azimuth guess.
iv. Find minimum cost and declare corresponding x-y coordinates as the best matches for the next iteration.
v. Repeat iteratively while narrowing the parameters' range each time until convergence (see Figure 3) .
Convergence is defined when the maximum change between two subsequent iterations is less than 1 mm American Institute of Aeronautics and Astronautics various filters described above are crossed with 'x' (note that some points are outside the field of view, some are possible outliers, and some are occluded as the laser picked up points from around the corner while the virtual scan was taken from the previous location).
The key difference between the current approach and previous model-free SLAM algorithms is that scan matching is preformed between the newly acquired laser scan and a virtual scan of the occupancy grid that was constructed thus far. A scan matching performed on subsequent laser scans is likely to result in accumulation of errors as demonstrated in the work by Bailey and Nebot [25] . The use of the virtual scan filters out most of the errors as the virtual map contains more than one scan and so it serves as an average of all the previously acquired laser scans. Since the minimized function is quite complex, it has many local minima. Hence, traditional optimization methods are likely to fail.
IV. Experimental Setup

IV.A. Laser Scanner
The work presented here makes use of a single laser range scanner for both position estimation and map A range of tests was carried out to establish the capabilities of the Hokuyo laser sensor, including distanceaccuracy across the detection range, effects of surface inclination, and the types of outliers that may appear (mixed pixels and maximum/minimum range readings). Distance accuracy was found to be below 1% of the measured distance, at the worst case. The laser had no problem to accurately measure distance to surfaces at inclination angles of up to 60
• relative to the measuring beam.
IV.B. Environment Description
Several experiments were carried out in the Martin Hall building at the University of Maryland, which serves as a real life office environment, featuring a closed loop trajectory with a total course length of approximately 45 meters. The closed-loop course used for all experiments can be seen in a sequence of pictures presented in Figure 5 (the timeline is from left to right). The course includes four corridors (of different width) with several doorsteps, trash cans, two thin poles and several access doors, some were kept closed ( Figure 5 (e)), and some kept wide open at some angle to the surrounding walls ( Figure 5(f) ).
of 20
American Institute of Aeronautics and Astronautics The laser was mounted on a wheeled cart (approximately 50 cm by 40 cm in length and width, and 55 cm in height) which was manually driven through the corridors while the laser records measurements at given time intervals (scan rate). Note that the laser in this case was kept in motion while taking the scans, so the presented algorithm is examined for application on a moving platform.
V. Results
The results using the presented algorithm are demonstrated for a real life office environment featuring a closed loop course with a total length of approximately 45 meters. The results are examined for map quality while focusing on consistent mapping accuracy that allows seamless loop closure, without the aid of any dedicated loop-closure algorithms.
The algorithm relies on the vast amount of measurements coming from the laser scanner to produce highly accurate maps and position estimates. If the number of scans collected along a traveled course is too small -the small errors produced by the scan matching algorithm can accumulate, which would result in a degraded map and may also prohibit the possibility for a seamless loop closure. The results presented in this section were produced with the laser scanner taking two scans per second (note that the time per scan is still 0.025 seconds, the laser is simply delayed so it takes only 2 scans for each second of motion).
The planar velocity of the ground platform was approximately 45 cm/sec, which is typical for SLAMcapable ground platforms [13] . Higher velocities can be realized as long as the laser sensor's scan frequency is maintained fast enough compared to the platform velocity (i.e. the effect of platform motion on the scan results is small). Note that since the algorithm is not yet capable of real time performance, the laser scans were collected first, and then served as input to the algorithm which was run off-line.
V.A. Mapping Accuracy
One good way to measure a SLAM algorithm's accuracy is by employing it on a loop-closure scenario. In most SLAM algorithms, after the platform has traveled a considerable distance and returns to a previously mapped area, errors accumulated along the traveled course may interfere with the algorithm's ability to figure out that the current area is connected to the previously mapped area. The mapping and the localization error that accumulates over the traveled course can therefore serve as a good measure of a SLAM algorithm's accuracy. The accuracy of position estimates is directly tied to the mapping accuracy, and thus accurate mapping implies accurate position estimates. The map that was generated by the algorithm in the form of an occupancy grid is presented in Figure 6 , with the true map of the environment plotted on top of the occupancy grid in dashed lines, and the estimated platform positions shown in black circles. The true map was hand-measured in great detail, excluding two trashcans which are portable and thus were not mapped (can be seen in Figure 5 (a) and (c)). The resolution of the occupancy grid in this case was 10 mm by 10 mm squares, and the platform motion was from the bottom right corner (marked with a red point), moving clockwise. As seen in Figure 6 , the resulting map is very crisp, and in addition, the area where the loop is closed appear to be seamless.
The main objective was to examine the resulting map coherency, and Figure 6 shows that all the walls and obstacles were accurately mapped, and the mapping coherency appears to be extremely high. A close examination revealed that most walls have a thickness of no more than 3 occupancy grid cells (3 cm using the chosen occupancy grid resolution), while the thickest wall does not exceed a thickness of 8 occupancy grid cells. The latter occurs at the loop closure area, and indicates that the error accumulated up to that point is quite small, and allows for good matches between new laser measurements and older data stored in the occupancy grid. A careful examination of the map accuracy shows that all the features were accurately mapped. This includes the two poles that are the smallest obstacles in this environment (measuring 5 cm by 7.5 cm). Features that were not mapped by the laser were outside its field of view or simply occluded throughout the traveled course. A close-up of all four corners of the mapped area is presented in Figure 7 , along with the true map presented on top of the virtual map using dashed purple lines. The close-ups show how accurate the mapping is, both when the platform experiences high turn rates, as well as when it travels in a straight motion down a long hallway. The challenge in accurately mapping the corners stems from the laser sensor yaw rate while performing sharp turns around corners. If the laser's scan speed is significantly faster compared to the platform's turn rate -the scan measurements are less affected by the platform's motion, and thus the laser signature of the environment is closer to static scan conditions (when the laser scanner does not move at all and the environment is completely static). For the results presented in this work, the platform's highest
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Some features in the mapped area included high-reflectivity surfaces such as metals and some lowreflectivity transparent surfaces (see Figure 5(d) ). The laser is designed to pick up surfaces that reflect its energy back in a way that allows for a good distance measurement. Thus, surfaces such as mirrors, windows, and other highly reflective coating yield an inaccurate measurement, and thus cannot be accurately mapped.
This usually results in a shift in their position in the map usually by a few centimeters, depending on the nature of the mapped surface. Additional experiments were carried out using combinations of 1 and 2 scans per second and 100 to 300 total number of scans, all using the same scenario shown above. The traveled distances in all experiments was approximately 45 m, which results in a platform speed between 15 cm/sec and 90 cm/sec, while yaw rates were as high as 40 deg/sec. All experiments provided the same result, with the exception of two cases that required some scan matching results eliminations (cost functions that were too high above a set threshold due to some incorrect point matching that were not eliminated properly from the total cost). However, in the first of those two cases, only 8 out of 200 steps were eliminated, and in the second, only a single step was eliminated, and thus the resulting map was still accurate and rich with information to produce successful loop closure. Future improvements are expected to reduce the number of eliminated scan matching results. The loop-closure area for the highest velocity case of 90 cm/sec is presented in Figure 9 . This case was carried out using 2 scans per seconds for a total of 100 scans. No scan matching eliminations were necessary in this case, as all matches were found to be accurate, and the resulting map was again crisp and coherent. The true map is also presented in dashed lines, and one can see the seamless loop closure with some visible wall-offsets from the true map, all smaller than 4 cm. This velocity is considered to be quite high for SLAM-capable MAV platforms (and even for some ground platforms performing on-board SLAM). Figure 10 with the true map on top of the occupancy grid in dashed line. As in the previous cases, one can see that the mapping is quite accurate, excluding two doorsteps along the top wall. Those two doorsteps were misaligned at first (due to bad scan matching which were not eliminated by the high cost function threshold), but the algorithm was capable of recovering from this error after a few more observations, and thus after several correct scan matchings, the incorrect position estimates were practically eliminated. Step # Min Value Figure 11 . Cost function over 300 steps for the case of 1.5 laps, at a scan rate of 2 scans per second As the scan matching cost function is a measure of the quality of the scan matching algorithm, it can be used to study how loop closure affects estimated results, i.e. study the algorithm's performance after returning to a previously mapped area. The scan matching cost values are presented in Figure 11 for all 299 scan matching operations performed (as the first scan is registered directly into the occupancy grid).
Note that each sudden increase in the cost reflects the discovery and mapping of a newly observed obstacle.
After such discovery, the added scan data gradually reduces the cost as more observations are added to the occupancy grid and thus improves it's accuracy.
The first lap was completed after 213 scans have been taken (its cost is flagged in Figure 11) . Cost values just before this point were relatively high as that area is characterized by a large transparent box, which has different reflectivity characteristics when scanned from different angles (note the square object located at [25000, 8000] in Figure 10 , which is visible in Figure 5(d) ). However, it is evident from Figure 11 that the cost does not increase monotonically along the traveled course, i.e. estimation errors are bounded. After the loop has been closed, it returns back to the same level that was obtained when the map was created at the start of the first lap.
V.B. Computational Requirements
The algorithm presented in this work has two parameters that affect its running time, as well as its accuracy.
The first is the convergence requirement on the scan matching, and the second is the size of the direct search grid. Convergence requirements of 1 mm in the plane and 0.01
• in azimuth were found to be adequate in terms of reducing computational time while maintaining highly accurate results. A search grid size of 10 by 10 in the plane and 100 in azimuth was found to be sufficient for all the results presented in this work.
Search grids of higher resolution could potentially yield even higher accuracy at the expense of additional computational time. However, in this work it was found that the differences were negligible, and the loop closure was accurate for all attempted search grids above 10 by 10.
The cost function has O(n) time complexity with respect to the number of points that are produced by the laser scan and the virtual scan, because both point sets are sorted by their azimuth, and the matching is performed according to this order, so every point is processed only once. Additionally, all seven point-filters mentioned in Section III also have O(n) time complexity, and hence, the whole cost function calculation has O(n) time complexity.
On average, each scan matching operation required 15 iterations. Since each iteration involves a cost function calculation for every point on the search grid (both in the plane and in azimuth), this corresponds to 200 function calls per scan matching iteration (100 for the planar grid and 100 for the azimuthal grid)
for a total of 3000 function calls for each completed scan matching operation. The average time required for a complete scan matching operation on a laptop equipped with a 2.4 GHz processor was 2 seconds (using Matlab combined with C++ mex-file implementations). This time measure will be the focus of future research, exploring ways to reduce the computational time by reducing the total number of function calls, to allow for real time SLAM.
VI. Conclusions
This work presented a new, model-free solution for the SLAM problem using a laser scanner as a sole sensor. The two key features of the proposed algorithm are that it does not require the platform's dynamic model and it is capable of accurately mapping loop closure scenarios without the aid of complex loop closure algorithms. The algorithm is based on scan matching performed between a laser scan of the environment and a virtual scan extracted from the virtual world, that is represented by an occupancy grid.
The virtual scan contains information from all the laser readings acquired up to the current step, and thus serves as the best data base to perform scan matching against. The proposed scan matching algorithm as a sole means for position and map estimation was successfully demonstrated experimentally on a moving ground platform at relatively high velocities (up to 90 cm/sec). The algorithm yields highly accurate results for mapping and positioning a platform in typical environments without any knowledge of the vehicle's plant model. The accuracy of the mapping and position estimations are extremely high.
The method was proven to be capable of mapping closed-loop scenarios, with seamless transition at the loop closure area, and without using any loop closure algorithms of any kind. There was no need to identify that a loop needed to be closed (nor there is a need to correct the entire map after loop closure has been identified). The mapping results are accurate enough to provide a completely seamless loop closure. The scan matching cost does not exhibit monotonically increasing behavior or diverge. It was noted that after a loop has been closed, it even drops back to the level it has exhibited before.
Since most MAVs are payload-limited, the methodology presented here is intended to be further refined in terms of computational speed and efficient programming, in order to be implemented on a lightweight micro computer. This will allow performing real-time SLAM on-board in various scenarios using different aerial platforms.
VI.A. Future Work
For the scan rate of 2 scans per second, the algorithm should be capable of performing each scan matching operation in less than 0.5 seconds in order to be capable of real time mapping and localization. The current Matlab/mex implementation is carried out in less than 3 seconds per step on average. The authors expect that implementing the entire algorithm in C++ will result in a real time capable algorithm.
As part of the future work, the 2D assumption will be alleviated by using a "2.5D" world representation where 2D slices make up a 3D representation of the surroundings.
